ABSTRACT Terahertz (THz) band provides huge bandwidth but the molecular absorptions in these frequencies cause high path losses in long-distance communications. Recently, multi-band ultra-massive MIMO (UM-MIMO) systems based on graphene-based plasmonic nano-antennas have been proposed to overcome the distance problem. In the UM MIMO systems, the mutual coupling effect is a challenging problem because of the ultra-dense integration of the multi-band nano-antenna arrays. In this paper, a graphene-based frequency selective surface (FSS) is proposed to reduce the coupling effects in dense plasmonic nano-antenna arrays for multi-band UM MIMO systems. The performance of the proposed structure is evaluated by full-wave simulation for different cases. The results show that the FSS structure has a wide stopband (−15 dB bandwidth, approximately 43%-50%) from 1.1 to 1.7 THz. By inserting the FSS structure between nano-antennas, a high isolation coefficient of −25 dB with a 15 dB fall and an envelope correlation coefficient of less than 0.01 are achieved. The field distributions and the radiation patterns are also presented to confirm that the proposed FSS structure improves the performance of the array with negligible influence on the antenna itself. Moreover, the receiving mode simulation of the array is performed with the FSS structure. It is also asymptotically shown that the mutual coupling experienced by the nano-antenna with the FSS structure is negligible even in the presence of a very large number of closely integrated elements. Finally, the technological issues are discussed for practical implementations.
I. INTRODUCTION
Terahertz band (0.1-10 THz) has been envisioned as one of the promising spectrum regions to enable Terabits-persecond (Tbps) links due to the increasing demand for faster data rates in future generation communication systems [1] . The available transmission bandwidth in the THz band drastically changes with the distance and the medium molecular composition [2] . For short distances, the THz-band behaves as a single transmission window with almost 10 THz
The associate editor coordinating the review of this manuscript and approving it for publication was Franco Fuschini. bandwidth, whilst for long distances, molecular absorption delimits several transmission windows, tens to hundreds of GHz each. However, the use of THz band for communication comes with a cost of high propagation loss in free space, which combined with the low output power of THz sources, limits the communication distance. To overcome this limitation, the utilization of very dense nano-antenna arrays in Ultra-massive MIMO communication systems has been proposed recently [3] . UM MIMO systems can operate in several different ways, from ultra-narrow beamforming to ultra-massive spatial multiplexing. More interestingly, to maximize the utilization of the THz band, the concept of multi-band UM MIMO has been introduced. This technique is enabled by leveraging the tunability of novel graphenebased plasmonic devices.
Graphene is an enabling material for the realization of UM MIMO systems because of the unprecedented electrical and optical properties [4] . Compared with metal, graphene exhibits a unique frequency-dependent complex-valued conductivity which enables the propagation of Surface Plasmon Polariton (SPP) waves at THz-band frequencies [5] . SPP waves are surface-confined electromagnetic (EM) waves that result from the global oscillations of electrons on the graphene layer. The propagation speed of SPP waves is much lower than that of free-space EM waves, and, as a result, graphene-based plasmonic devices at THz frequencies are up to two orders smaller than their metallic counterparts. Among others, this feature has led to the integration of graphenebased plasmonic antenna in very small footprints. Since the first work on graphene-based nano-antennas in 2010 [6] , many aspects of graphene-based nano-antennas have been explored [7] - [10] . More details are provided in Sec. II on the state of art of the graphene-based plasmonic nano-antennas. Among them, it has been shown that the resonant frequency of the graphene-based plasmonic nano-antenna can be electrically tuned [7] . As a consequence, nano-antenna arrays able to simultaneously operate at different transmission windows can be realized.
In such very dense nano-antenna array structures, mutual coupling between elements can significantly limit the array performance and ultimately limiting the communication distance. Mutual coupling effects are generally caused by radiation in free space as well as surface wave interactions from adjacent antenna elements [11] . For planar graphene-based nano-antennas, the coupling effects are mainly from surface waves and their near-field radiation. Strong coupling effects would result in a high correlation and low isolation between elements [12] . It is important to note that the graphene material demonstrates natural advantages on reduction of mutual coupling effects because of the short SPP wavelength resulting from the slow propagation speed of SPP wave. In this way, graphene-based antennas exhibit lower mutual coupling effects than metallic antenna arrays with the same distance between elements [13] .
Nevertheless, the residual contributions to the total coupling from massive numbers of neighboring antennas require the development of decoupling methods and techniques. Defective ground structure (DGS) [14] , [15] , electromagnetic band gap (EBG) [16] - [18] , metamaterials [19] , [20] and frequency selective surface [21] structures are examples of common techniques that have been proposed to achieve this goal, and which we present and compare in Sec. II. Existing work mainly relies on the use of metallic structures, which introduce high losses at THz frequencies and can be challenging to integrate with graphene structures. Therefore, it is desired to again use graphene for the decoupling structure. Moreover, the tunability of graphene can be exploited to create broadband decoupling structures. For example, in [22] , a graphene cloak is used to reduce the coupling effects between two dipole antennas. While the use of graphene in decoupling structures has been suggested in the related literature [23] , the benefits introduced by its tunability is neither discussed nor exploited.
In our previous work [24] , the graphene-based FSS structures were employed to reduce the coupling effects for the multi-band UM MIMO arrays. In that work, we provided preliminary results related to the isolation coefficient and resulting radiation diagram for the graphene-based plasmonic nano-antenna array with and without the proposed FSS structures. More results based on different parameters and cases should be presented to enrich the discussion. Furthermore, the practical consideration on the technological issues has not been yet explored.
In this paper, we present the FSS design and analytically model and simulate the proposed structure. We then investigate the performance of ultra-massive nano-antenna systems comprehensively with the FSS decoupling structures for various cases. Our results show that the FSS structure can successfully reduce the coupling effects and lower the ECC by an order of magnitude while not changing the antenna array radiation diagram. The performance of the receiving mode of the array with the FSS decoupling structure is analyzed to prove the reciprocal characteristic of the proposed structure. It is also asymptotically shown that the mutual coupling between antenna elements in ultra-dense array is negligible with proposed FSS structure in presence. The technological aspects are presented for the forthcoming implementation in practice.
The rest of this paper is organized as follows. Related work on graphene-based plasmonic nano-antennas and the mutual coupling effects is presented and compared in Sec. II. A two-band antenna array prototype model is presented, and the mutual coupling effects of this model are studied in Sec. III. The graphene-based FSS decoupling structure is proposed and analyzed in Sec. IV. Implanting the FSS structure between the antenna arrays, the performance of the array with FSS structure is investigated and the results are discussed in Sec. V. The technological issues that should be considered for practical realization are also explored in Sec. V. Finally, conclusions are drawn in Sec. VI.
II. RELATED WORK
Graphene is a two-dimensional carbon crystal that has excellent electrical conductivity, making it very well suited for propagating extremely-high-frequency electrical signals [3] . Moreover, graphene supports the propagation of THz surface plasmon polariton waves at room temperature. Motivated by these properties, the use of graphene to create plasmonic nano-antennas that can efficiently operate in the THz band is introduced. In 2010, graphene-based nano-antennas were proposed for the first time for EM nanoscale communications in terahertz band [6] . Then the radiation and scattering properties and, most importantly, the frequency tunability [7] of the graphene-based nano antenna were investigated. VOLUME 7, 2019 Among others, it has been shown that graphene-based nanoantennas can be a good candidate for reconfigurable [8] and beamforming [9] , [25] antenna arrays in communication systems. Moreover, due to the slow propagation speed of SPP waves, the size of individual antennas is up to two orders smaller than that of metallic antennas, which enables the integration in very dense nano-antenna arrays [26] , [27] . Since the very small gap between nano-antennas, the mutual coupling effects between the elements are inevitable in THz antenna array.
Mutual coupling affects the array performance by limiting its beamforming capabilities and eventually restricting the communication distance. There are several techniques for mutual coupling reduction. Among them, DGS can be loaded on the ground plane of antennas to lower the coupling effects by stopping the surface current propagation [14] , [15] . However, the use of DGS may affect the radiation pattern because of backward signal leakage. EBG [16] - [18] and metamaterial structures [19] , [20] are usually used for reducing surface wave coupling between the antennas. FSS structures are also used in antenna array to improve the performance of the array [21] , [28] . To some extent, EBG, FSS and metamaterial could be seen as one category for decoupling: periodic structure with band stop or band pass characteristics. There are some published works using FSS for decoupling in single band and low frequency antenna array. In [21] , a metallic FSS wall is used to reduce the coupling effects of a 60 GHz MIMO antenna system. However, most of these metallic-based decoupling structures are mainly for small array (2 or 4 elements typically) working at frequencies lower than 0.1 THz.
For multi-band MIMO systems based on graphene-based nano-antennas, the traditional metallic decoupling methods are incapable to handle the high signal loss in THz band, let alone dynamically cover two or more working bands. Graphene decoupling structures are reported recently, but they do have shortcomings of not practically realizable [22] and not tunable for multi-band MIMO systems [23] . In this context, these literatures inspires the idea of utilizing graphene as basic material for multi-band FSS structures to reduce coupling effects of ultra-dense graphene-based nanoantenna arrays.
III. ANTENNA ARRAY DESIGN AND MUTUAL COUPLING EFFECTS
Before realizing the mutual coupling reduction, the coupling effects between the multi-band graphene-based nanoantennas are investigated. In our analysis, the graphene-based nano-antenna arrays with two and four elements are designed and employed as the platform for the study of the coupling effects. Note that the dual-band array with two or more antennas are considered here since the studies with single-band antennas are intensively reported [11] - [13] and are out of the scope of this paper. First, the complex conductivity model of graphene sheet and the dispersion relationship of SPP waves propagation are recalled and the design and analysis of graphene-based nano-antenna array is conducted. Then, mutual coupling effects between adjacent nano-antennas are investigated. Several parameters are presented to evaluate the impact of coupling effects.
A. GRAPHENE-BASED PLASMONIC NANO-ANTENNA DESIGN
The proposed multi-band nano-antenna array consists of several sub-sets of nano-antennas working at different frequency bands. There are different types of the sub-array schemes, which require the antenna elements to be capable to switch from one working band to other bands. Thus, the basic element of the sub-array should be frequency-reconfigurable. This is achieved by leveraging the frequency tunability of graphene.
The surface conductivity of graphene is described by using the Kubo formula and is a function of frequency f = ω 2π, Fermi energy E f and relaxation time τ . The total conductivity is given by [5] 
and
whereh = h 2π is the normalized Planck's constant, e is the electron charge, k B is the Boltzmann constant, T stands for temperature. The conductivity can easily be tuned by applying a bias voltage or chemical doping. The propagation of TM SPP waves follows the simplified dispersion relationship below [29] −i
where ε 1 and ε 2 denote the permittivity values of two media above and below the graphene sheet, and k spp is the complex propagation constant of TM SPP waves. The SPP wavelength is calculated by λ spp = 2π Re k spp . By changing the Fermi energy, the conductivity is dynamically tuned, then the antenna based on graphene becomes frequency reconfigurable.
In Fig. 1a , we illustrate the reference antenna design that we utilize in this paper. For convenience, a dipole patch antenna is chosen as the basic antenna element. The dipole patches made with single layer graphene are paved on a SiO 2 substrate with thickness of 5 µm. The graphene-based patch is defined by length L ant = 11 µm and width W ant = 5 µm. The gap between the two arms is 1 µm. The frequency response of the antenna is reconfigurable with respect to biasing or chemical doping. The simulation of the antenna is conducted by using a full-wave analysis software package CST. Fig. 1b gives the reflection coefficients S 11 of the antenna while the chemical potential is set as 0.2 eV and 0.3 eV, respectively. One can observe that the graphenebased plasmonic nano-antenna with fixed physical dimensions demonstrates multi-band property while the antenna is tuned at different Fermi energy levels. 
B. MUTUAL COUPLING BETWEEN ADJACENT NANO-ANTENNAS
In multi-band UM MIMO system, there may be thousands of antenna elements, but the dominant mutual coupling effects usually exist between the two adjacent elements in most cases. Here, we consider two different cases: dual-band twoelement and dual-band four-element linear arrays. In the first case, two antennas with the same dimension but being tuned with different energy levels are placed within a certain distance, as shown in Fig. 2a . For the array with four elements, the two antennas are linearly interleaved with a uniform space between them, as shown in Fig. 3a . The N-antenna array is seen as a N-port system. We can use the transmission coefficient between two ports to describe the mutual coupling effects of the system. There are several parameters to describe the mutual coupling effects for the two-element array. Among them, the scattering parameter S 21 , also called as the isolation coefficient, is a basic form to evaluate the effects. The S 21 responses with various distances between antenna elements are analyzed for both cases. For the two-element case, the S 21 responses are obtained between two elements separated by an edge-to-edge distance ranging from 2 to 4 µm. The results show that at distance of 2 µm, approximately one fifth of the SPP wavelength, the peak value of S 21 curve is −9.4 dB, which is not acceptable for an array system. As the distance rises, the isolation between the two elements decreases to −17 dB, as shown in Fig. 2b . For the array with four antennas, we choose antenna 1 as the object of study and present S 21 , S 31 , S 41 to show the influence from other elements. In Fig. 3b , we can see that S 31 and S 41 give a low peak of −25 dB, which is negligible compared with S 21 . We only need to tackle the problem of isolation between the two adjacent elements. These S 21 values are insufficient due to the low efficiency and sophistication for THz multi-band UM MIMO system. Thus, there would have potential to reduce the mutual coupling by using decoupling structure like FSS but not increasing space between antenna elements at the same time.
The envelope correlation coefficient [12] , calculated from the simulated scattering parameters, is a measure for evaluating the coupling effects from each other element when operated simultaneously. For the two-band two-element array model, the envelope correlation coefficient ρ is calculated from formula [30] :
For the four-element case, the ECC is obtained between any two elements. The antenna radiation pattern, i.e., the power radiated by antenna as a function of space coordinates, is another significant feature that is affected by mutual coupling effects. Especially in antenna arrays, the far-field radiation pattern is strongly based on the pattern of a single element. In the following sections, the radiation pattern is also presented to evaluate the decoupling effects.
IV. GRAPHENE-BASED FSS DESIGN
In this section, we present the design of the graphenebased frequency selective surface structure to reduce the VOLUME 7, 2019 mutual coupling effects. FSS structure is known as its band stop or band pass characteristics depending on the periodic patch or slot with certain patterns. To some extent, a FSS behaves as a spatial filter. For band-stop purpose, patch-based FSSs are employed in this case. A unit cell is the most basic structure of FSS. The performance of a full-dimension FSS structure is achieved by extending the unit cell result with Floquet's principle [31] . Commonly, the resonance wavelength of FSS, λ c , is calculated approximately as twice the element length by L FSS λ c 2 [31] . However, in a practical way, the element length is not exactly half wavelength due to the substrate effect and dispersive nature of SPP waves on graphene. The working frequency of the FSS is determined by the element length, substrate permittivity and substrate dimensions. Among them, the patch length is the significant one that can directly influence the working frequency of the FSS structure. Also, the width of element is usually much smaller than the length.
Here, we propose a graphene-based cross patch FSS structure working at THz frequencies. For multi-band and reconfigurable purpose, graphene becomes a reasonable choice to be employed as patch materials in FSS structure. We can achieve multi-band with one fixed-size FSS patch/slot by simply modifying the chemical potential level. In this case, a cross patch is selected as the unit cell element for its crosspolarization character, with arm length L cross = 10.97 µm and width W cross = 3 µm. The length of the square substrate is a = 11 µm. In Fig. 4a , the schematic of the proposed FSS structure is presented. For better resonance and wider working band, four layers of graphene-based cross patches are used in the design of the FSS. Two graphene cross patches with same energy level and one SiO 2 film (thickness is 0.2 µm) between the patches compose a FSS sandwich structure. There are two sandwich structures attached on each side of a 0.6-µm-thick polysilicon substrate with permittivity of 11.9. For multi-band UM MIMO system, the Fermi energy level should be chosen carefully to make the FSS patch resonate at the working bands of the aforementioned antenna array. Here, we set 0.2 eV and 0.3 eV as graphene chemical potential for each sandwich structure. Temperature of graphene is set as 300 K and the relaxation time is 0.5 ps. It should be noted that due to the coupling effects between the FSS patches the working band of the structure is not simply the combination of two resonant frequencies of FSS at 0.2 eV and 0.3 eV. Also, as the distance between the patches is very small, the two patches in the same sandwich structure are strongly coupled as a capacitor, which results in a frequency shift of the FSS structure.
The full wave simulation of the FSS structures is carried out by CST Microwave Studio. A planar wave is used as input signal to get the frequency response of the structure. Noted that only normal incidence is considered in the simulation. The simulated performances of the FSS are given in Fig. 4 . It is observed that the proposed FSS decoupling structure has a wide −15 dB bandwidth from 1.1 THz to 1.7 THz. The −10 dB bandwidth is more than 1 THz starting from 0.9 THz, which efficiently covers both target frequency ranges: 1.1 THz-1.25 THz and 1.35 THz-1.5 THz. Furthermore, we can utilize this FSS structure to cover other frequency ranges by properly modifying the energy levels of graphene patches. The proposed FSS structure shows the potential to be employed for reduction of coupling effects of the proposed antenna array or even any other antenna arrays with different working bands.
V. PERFORMANCE ANALYSIS AND DISCUSSION
The decoupling performance of the proposed FSS structure is presented by mounting it between the two adjacent antenna elements of the multi-band UM MIMO systems in this section. The obtained isolation magnitude is approximately −10 dB with separation distance of 2 µm presented in previous sections, which is not acceptable and can certainly be improved. What is more, due to the high substrate permittivity, the SPP wave energy is mostly guided backward and part of the energy is stored and transmitted in the substrate. In this context, we propose to insert the FSS decoupling structure into the substrate of the nano-antenna array to block the wave propagation between the elements. Moreover, it is practically feasible to insert a FSS structure into a dielectric substrate. Here, we consider both two-element and four-element arrays to study the decoupling performance of FSS structures. The edge-to-edge distance between the two adjacent elements is set as 2 µm, which is approximately one fifth of the SPP wavelength. Then, the receiving mode performance of the two-element array is investigated with the FSS structure in place. Finally, the asymptotic behavior in massive multi-band arrays is evaluated in this section.
A. MULTI-BAND GRAPHENE-BASED ARRAY WITH TWO ELEMENTS
The two-element two-band antenna array with FSS decoupling structure is simulated in CST microwave studio. The minimum mesh cell of the simulation model is defined as 0.15 µm for accuracy, which is far smaller than the SPP wavelength. Besides the standard S-parameters, electric and magnetic field monitors are set to obtain electric-field and surface current distribution. Also, an open boundary condition is employed to study the far-field distribution.
In Fig. 5b , the S-parameters are illustrated for four scenarios: nano-antenna array without FSS structure, antenna array with FSS structure mounted between elements and antenna array with FSS structure inserted into substrate with insert depth of 2 and 4 µm. It is clearly seen that there is a maximum 5 dB drop of isolation coefficient after using the proposed FSS structure. With insert depth rises from 0 to 4 µm, the max isolation decreases from the original −9.4 dB to approximately −25 dB, which is more than a 15 dB drop. It should be noted that using FSS structures in nano-antenna array systems lead to a resonant frequency shift of 6.9% and 8.5% for Antenna 1 and Antenna 2, respectively, compared to the original nano-antenna resonant frequencies, as shown in Fig. 5b . This is a result from the coupling between the antenna element and FSS structure. What is more, the max value of ECC declines from 0.25 to less than 0.03 at the frequency range of interest, as shown in Fig. 5c .
Mutual coupling effects can directly lead to the change of electric and magnetic field distribution. In Fig. 6a-6h , electric field distributions of the array with and without FSS are presented as well as the surface current density plot. One can observe that there is strong induced current and field distribution on antenna 2 when antenna 1 is excited, and vice versa. More importantly, part of electric field is absorbed and guided through the high permittivity substrate. After inserting the FSS between the elements, the induced fields are efficiently blocked and the surface current density on terminated antenna is also been suppressed by the FSS decoupling structure, as shown in Fig. 6 .
The radiation patterns are also strongly affected due to the coupling between antenna elements. Fig. 7 shows the radiation patterns of Antenna 1 and 2 at the targeted working frequencies. Three cases are considered to validate the reduction of mutual coupling effects because of the FSS decoupling structure: an isolated antenna, an antenna in array without FSS and an antenna in array with FSS. Particularly, both the E-plane and H-plane patterns are given. In Fig. 7a and Fig. 7c , the E-planes of both antennas are slightly influenced due to the arrangement of the array elements. However, the coupling between the elements would strongly affect the H-plane of the radiation pattern, as shown in Fig. 7b and Fig. 7d . After inserting of the FSS structure, both radiation patterns are recovered well as if the antennas are originally isolated without coupling. The max variation of the gain values of both antennas is lower than 0.1 dB. The results reveal that the coupling effects have negligible influence on E-plane radiation pattern of antenna and FSS structure can efficiently recover the H-plane pattern. 
B. MULTI-BAND GRAPHENE-BASED ARRAY WITH FOUR ELEMENTS
For the case with four nano-antennas, three FSSs are employed for the reduction of coupling effects among the elements. Fig. 8a shows the configuration of the four-element array with the FSS decoupling structures in place. Here, only isolation S 21 between Antenna 1 and 2 is considered in this subsection. The same simulation settings as in the previous case are employed for precise results. In Fig. 8b , the isolation coefficients show a drop of 15 dB after using FSS decoupling structure. However, as there are two FSS structures being mounted at both sides of Antenna 2, the return loss S 22 displays a max frequency shift of 8.9% which is slightly greater than the one in the two-element scenario. Moreover, the ECC plot is given in Fig. 8c with a max value of less than 0.2 without the FSS placed in the array, while the value decreases to approximately 0.02 with the FSS inserted into the array substrate.
In Fig. 9 , the electric and surface current distribution are presented for the four-element case. Antenna 1 and 2 are selected as the study subjects. As shown in Fig. 9a-9d , the presence of the FSS structures well suppresses the coupled fields from the excited antenna to the terminated one. It is worth noting that Antenna 2 is surrounded by two FSS structures, which can reduce the coupling effects from adjacent elements simultaneously. Reduction of mutual coupling effects is achieved as shown in Fig. 9e-9h . The induced surface current is efficiently blocked by the FSS structures, as shown in Fig. 9e-9h .
The radiation patterns of Antenna 1 and 2 in the fourelement array are illustrated in Fig. 10 . For isolated antennas, typical patterns of dipole antenna are given, both E-plane and H-plane. The mutual coupling effects brought by adjacent elements show huge impact on the radiation patterns of antennas. By using the FSS structures, the radiation patterns are well restored by placing the FSS structures in the array, as shown in Fig. 10a-10d . The max variation of antenna gain values brought by the FSS structure is approximately 0.2 dB in this case. Since Antenna 2 is placed between two FSS structures, part of the energy are blocked by the FSSs. Moreover, the E-plane radiation pattern of Antenna 2 with FSS in place is slightly guided to the substrate of antenna array, as plotted in Fig. 10c , due to the substrate is acting as a dielectric lens in this structure.
C. ANTENNA PERFORMANCE IN RECEIVING MODE
To validate the performance of the FSS structure in a receive antenna array system, we also perform the simulation to obtain the induced current signals at the antenna excitation port. Here we take the two-element array as the platform for loading the FSS decoupling structure in this case. Based on the radiation results obtained before, a far field source is defined as the background electromagnetic wave. The distance between the far field source and the receiving 2-element antenna array is set as 80 µm, which is far enough to make the source located in the Fraunhofer zone. Then the wave front of the far field source is approximately considered as a plane wave. As a result, the induced current signals are observed at the receiving antenna ports when the receiving array is illuminated by the defined far field source above.
As seen in Fig. 11a , the current signal responses of both antenna elements are obtained from the simulation. We demonstrate the original current signal plot at the transmitting end in the Fig. 11b . It is seen that the Antenna 1 displays a current signal with peak at 1.2 THz, which is very close to that of the original current curve at 1.18 THz. Similarly, the port current peak of Antenna 2 occurs at approximately 1.45 THz, which suggests a very small shift of 0.03 THz from the original incident wave frequency 1.42 THz. The comparison shows that when illuminated by the incident wave with the same working band, the receiving array elements with the FSS structure show the same port current peaks at the desired frequency. It should be noted that the induced current magnitude is not in the same order of the excitation signals due to the propagation loss and the relatively low radiation efficiency (approximately 2%) of the graphene plasmonic nano-antenna. 
D. ASYMPTOTIC BEHAVIOR IN MASSIVE MULTI-BAND ARRAYS
To evaluate the performance of the proposed FSS structures when the antenna number increases to infinity, isolation coefficients of a linear array with 32 elements are simulated and analyzed. Then the asymptotic behavior of the ultra-massive multi-band array is foretold by a using curve fitting technique.
In this case, the two antennas with different working bands are interleaved along one direction and the FSS structures are placed in between the antennas. Fig. 12a plots the magnitudes of isolation coefficients between Antenna 1 and Antenna N. Two cases are considered in this plot, the array with and without decoupling structures. In general, the magnitude of the isolation coefficient will be smaller with the antenna number increasing, which is suitable to be described with a curve regression technique. Among the available fitting techniques in the software package Origin, the Logistic regression provides the best fitting for the isolation magnitudes. We can observe that the isolation coefficients between the elements plunge with the increasing of antenna number from 2 to 32. Then the curve decreases with lower bound of −64 dB when antenna number increases from 2 to 300. It is predictable the magnitudes of the isolation data would fall gently and verge to a constant according the fitted curves. It is worth noting that there is regularly fluctuation of the magnitude values, which is resulted from the interleave arrangement of the array. With the FSS structures mounted in array, the trend declines drastically and ends up with a lower bound of −74 dB, which is smaller than the curve in the case that without the FSS. This confirms that the FSS structures work well with decoupling and the coupling effects between distant elements are insignificant.
Moreover, the total effects on Antenna 1 from other antennas are calculated and analyzed. In detail, we sum up all isolation coefficients cumulatively between Antenna 1 and Antenna N. The isolation coefficient S NM denotes the power ratio from port N to M due to the reciprocity of S-parameters. Consider an array with uniform excitation power P 0 at each antenna port, isolation between Antenna 1 and Antenna N is S N 1 (dB) = 10 log 10 |S N 1 | 2 = 10 log 10
where S N 1 (dB) is the isolation in dB and |S N 1 | is the linear value of the isolation coefficient. P N denotes the coupled power from Antenna N to Antenna 1. Set P 0 as 1, then the total coupled power on Antenna 1 is written as
In this way, we obtain the total influence on Antenna 1 from all neighboring antennas when the number of array elements increases.
In Fig. 12b , the total coupled power is presented for two cases, before and after employing FSS structures in array. The enlarged views of the original data are plotted as well in insets. The results indicate the coupled power verges to a constant when the antenna number increases. The asymptotic total power percentage from neighboring antenna elements is 0.1026 and 0.00181 with and without FSS decoupling structures, respectively. It is also observed from the inset figures that the total coupled energy verges to a constant at the antenna number of 6, which validates the dominating coupling effects are mainly from neighboring and near distance elements. With the FSS decoupling structure in place, one can forecast that the total coupled power from all other elements in one array would verge to a very small constant, compared to the case without FSS, when antenna number increases to infinity. Furthermore, the graphene-based FSS structure can cover the transmission band of interest by properly tuning the Fermi energy level, which suggests the proposed FSS decoupling structure is able to handle the arrays with increasing number of working bands at the same time.
E. TECHNOLOGICAL REALIZATION
The complicated structure of the proposed graphene-based plasmonic nano-antenna array as well as the FSS may raise the concern on the technological issues for practical realization. In this subsection, we discuss the technological aspects to be considered in the practical implementation.
The high-quality graphene can be easily grown on copper substrate using the chemical vapor deposition (CVD) method [32] , [33] . Then, the graphene sheet is transferred to the desired substrate, silicon dioxide in our work, with the help of the polymethyl methacrylate (PMMA). For the sandwich structure in Fig. 4a in our design, it is expected that high-quality single-layer graphene can be transferred to the both sides of the SiO 2 substrate. The minimum dimension of the whole system, including the graphene-based nanoantenna and frequency selective surface, is at the order of dozens of nanometer, which is totally achievable for the focused ion beam (FIB) technique [33] , [34] . The FIB technique is able to etch the un-wanted area of graphene with a nano-meter size precision. In this way, the graphene-based plasmonic nano-antenna and the graphene-based frequency selective surface could be well defined. Once the graphenebased plasmonic nano-antenna is obtained from the CVD and FIB techniques, the excitation needs to be defined for the antenna. There are two widely reported feeding mechanisms for the graphene-based plasmonic nano-antennas, the photoconductive source and the graphene-gated highelectron-mobility-transistor (HEMT) source [35] . The photoconductive source is more suitable for the graphene-based dipole antenna in this paper.
In this paper, the parameters of graphene are selected carefully to be consistent with the practical values. The relaxation time of graphene is set as 0.5 ps [33] , [36] , which is consistent with the practical value from the Raman spectra analysis for a CVD graphene sheet deposited on SiO 2 substrates at room temperature (300 K) [33] . The Fermi energy levels of graphene used for the two working bands in our work are 0.2 and 0.3 eV, respectively. This is realized by applying a static electric field between graphene and an electrode at a proper position. More importantly, these values can be practically realized because they are well within the theoretical maximum Fermi energy level for a certain substrates (0.45 eV for SiO 2 ) [37] .
VI. CONCLUSIONS
In summary, a graphene-based FSS structure has been proposed to reduce the mutual coupling effects of a multi-band UM MIMO antenna array. Multiple Fermi energy levels of graphene are carefully selected to achieve the multi-band coverage. The mutual coupling effects have been reduced by mounting the FSS structure between the array elements of the UM MIMO array. Then the isolation is further improved by inserting the FSS decoupling structure into the substrate to block the electromagnetic wave propagation in the substrate. The results have shown that both coupled electric and magnetic fields are eliminated by the FSS decoupling structure. Moreover, it has been proved that the radiation performances of the nano-antennas are insignificantly influenced with the FSS in place. The receiving mode performance of the array with the FSS decoupling structure has been analyzed to prove the reciprocal characteristic of the proposed structure. It has also asymptotically shown that the mutual coupling between antenna elements in ultra-dense array is negligible with proposed FSS structure in presence. The technological aspects have been presented for the future practical implementation. Although this structure has been designed for a dual-band UM MIMO array, we can extend the working band of the structure by adjusting the Fermi energy levels of graphene patches to other desired frequencies. 
